Plain language summary
======================

The Hedgehog--Gli1 signaling plays pivotal roles in osteoblast proliferation, differentiation, and bone formation. However, little is known about the role of the Hedgehog signaling in osteoblast proliferation and differentiation by the micro-/nanotextured topographies (MNTs). In this study, we produced MNTs decorated with TiO~2~ nanotubes onto the titanium to evaluate the cell functions and Hedgehog--Gli1 signaling activation. We further blocked the Hedgehog--Gli1 pathway by using the Smoothened (Smo) inhibitor cyclopamine and monitored the downstream events including Gli1 protein levels and cell function. Our results showed that the MG63 cells seeded onto the MNTs exhibited significantly enhanced cell adhesion, proliferation, and differentiation compared to the other titanium surfaces. The treatment with cyclopamine decreased the proliferative activity of MG63 cells, especially the cells seeded onto the MNTs. Furthermore, the enhanced expressions of the osteogenesis-related genes and ALP production enabled by the MNTs were significantly downregulated by the presence of cyclopamine to a similar level as those on the smooth and acid-etched microstructured surfaces in the absence of cyclopamine. These results demonstrated pivotal roles of Hedgehog--Gli1 signaling pathway in mediating the enhanced proliferation and differentiation of MG63 osteoblasts by the MNTs, which might greatly advance our understanding on the mechanism implied in the biological responsiveness of biomaterial topographies.

Introduction
============

Natural bone tissues are hierarchical structures containing building blocks of various length scales, including nanoscale hydroxyapatite crystals, microscale fibrillar collagen, and macroscopic cancellous and cortical bones.[@b1-ijn-12-3267],[@b2-ijn-12-3267] Increasing evidence has demonstrated that the addition of hierarchical micro-/nanotextured topographies (MNTs) to a biomedical implant surface can effectively modulate various cellular functions, such as osteoblast attachment, proliferation, and differentiation, as MNTs can better imitate the hierarchical structures of natural bone tissues.[@b3-ijn-12-3267]--[@b5-ijn-12-3267] However, the precise effect and mechanisms of the MNTs on the response of cells are still unclear, which has impeded the optimization of hierarchical biomaterial topographies.

The Hedgehog signaling pathway is evolutionarily conserved and plays an essential role in various developmental processes, such as osteoblast proliferation, differentiation, and maturation as well as bone formation.[@b6-ijn-12-3267]--[@b8-ijn-12-3267] The Hedgehog family contains three protein ligands, including Sonic hedgehog (Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh), which signal via a mechanism involving two transmembrane proteins, such as Smo and Patched homolog 1 (Ptch1).[@b9-ijn-12-3267] After a Hedgehog protein binds to Ptch1, Smo is rendered constitutively active and activates an intracellular signaling cascade, leading to the upregulated transcription of downstream genes such as *Gli1*.[@b10-ijn-12-3267],[@b11-ijn-12-3267] Recent studies indicated that the genomic deletion of Smo, which functions as a key transmembrane transducer in the Hedgehog signaling pathway, results in a significantly decreased osteogenic differentiation, a low expression of runt-related transcription factor 2 (Runx2), and primary spongiosa in mice.[@b12-ijn-12-3267],[@b13-ijn-12-3267] Consistent with this finding, Gli1 haploinsufficiency affects adult bone metabolism, which results in a decrease in bone mass and a delay in fracture healing in postnatal skeletons.[@b14-ijn-12-3267] Other studies demonstrated that the bone morphogenetic protein (BMP) signaling pathway acts downstream of Hedgehog signaling and modulates the differentiation of osteoblasts.[@b15-ijn-12-3267]--[@b17-ijn-12-3267] The disruption of the Hedgehog pathway leads to various bone diseases, while the enhanced activity of the Hedgehog pathway in patients with bone fractures may promote bone repair and fracture healing.[@b8-ijn-12-3267]

Recent studies have reported that the expression of several genes within the Hedgehog signaling pathway differed with different topographical surfaces of titanium.[@b18-ijn-12-3267],[@b19-ijn-12-3267] Several studies have further demonstrated that Hedgehog and Wnt signaling interact to modulate cartilage formation in a mouse model and osteoblast differentiation in modified titanium surfaces.[@b19-ijn-12-3267]--[@b22-ijn-12-3267] The addition of MNTs to a biphasic calcium phosphate bone grafting material caused a significantly increased expression of Ihh and Gli1 and stronger bone formation compared to control tissue culture plastic.[@b23-ijn-12-3267] Other studies have shown that the presence of nanorods or nanoparticles on the substrates markedly upregulated the expression of a set of genes involved in the differentiation of osteoblast and the subsequent functions of cells, including *Smo*, *Ihh*, and *Gli1*.[@b24-ijn-12-3267],[@b25-ijn-12-3267] These data indicate a potential role of the Hedgehog signaling pathway in the enhanced osteoblast adhesion, growth, and differentiation via MNTs.

An increasing number of studies have demonstrated that several functional osteogenesis-related signaling pathways, such as the integrin-linked kinase/β-catenin, extracellular signal-regulated kinase ½, and Wnt, may contribute to the biological effects of micro-/nanotopographical cues in osteoblast differentiation and bone formation.[@b26-ijn-12-3267]--[@b28-ijn-12-3267] However, to the best of our knowledge, little is known about the role of the Hedgehog signaling pathway in osteoblast proliferation and differentiation by MNTs. In this study, we produced hierarchical MNTs decorated with TiO~2~ nanotubes on the titanium through acid etching followed by anodization and evaluated the cell functions and Hedgehog--Gli1 signaling activation of human MG63 osteoblast cells on the MNTs. Moreover, we blocked the Hedgehog--Gli1 signaling pathway using the Smo inhibitor cyclopamine and, then, monitored the downstream events, including Gli1 protein levels and cell function.

Methods
=======

Specimen preparation
--------------------

This study was reviewed and approved by the Ethics Committee of the Affiliated Hospital of Guangdong Medical University, People's Republic of China. The pure titanium disks with a diameter of 21 mm and thickness of 1 mm to fit the 12-well tissue culture plates were cut from pure titanium plates. After polished using silicon carbide sandpapers of 280, 360, 400, 600, 800, and 1,000 grits in series, the samples were treated with 1 wt% hydrofluoric (HF) acid for 15 minutes, then directly cleaned with double distilled H~2~O (ddH~2~O) for 10 minutes, and air dried at 37°C. Next, they were anodized for 1 hour in an electrolyte containing ethylene glycol (1,2-ethanediol, 95 vol%) and ddH~2~O (5 vol%) +0.5 wt% NH~4~F using a direct-current regulated power supply with a platinum electrode as the cathode at two different voltages (10 and 20 V) to form two typical hierarchical MNTs. The titanium samples were divided into the following four groups: polished smooth surface (S), acid-etched microstructured surface (R), acid-etched/anodized at 10 V (R10), and acid-etched/anodized at 20 V (R20). After being ultrasonically cleaned and air dried at room temperature, the titanium specimens were sterilized by cobalt-60 irradiation before being used in cell culture.

Surface characterization of titanium
------------------------------------

The morphologies of the four different titanium surfaces were detected by field emission scanning electron microscopy (FE-SEM; S-4800; Hitachi Limited, Tokyo, Japan) according to previous studies.[@b27-ijn-12-3267],[@b28-ijn-12-3267] The measurement of titanium surface roughness was performed by the Micro-XAM-3D noncontact surface profiler (ADE Corporation, Westwood, MA, USA) in a noncontact mode. Two roughness parameters of the measurement at S, R, R10, and R20 titanium disks were as follows: average roughness (Ra) and root mean square roughness (Rq).

Cell culture and reagents
-------------------------

The human MG63 osteoblasts were obtained from ATCC (Rockville, MD, USA). The human MG63 osteoblasts were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 1% antibiotic mixture (penicillin/streptomycin; HyClone, Logan, UT, USA) and 10% fetal bovine serum (FBS; Thermo Fisher Scientific) at 37°C under a 5% CO~2~ humidified atmosphere. The MG63 osteoblasts were seeded onto the four different surfaces of titanium disks in 12-well plates with a concentration of 5×10^4^/well. The cyclopamine (MedChem Express, Princeton, NJ, USA) was dissolved at 5 mg/mL in dimethyl sulphoxide, and the solution was diluted to the final concentration with DMEM supplemented with 1% antibiotic mixture (penicillin/streptomycin) and 10% FBS. Treatment with control vehicle was used for control cells.

Cell adhesion assay
-------------------

The MG63 osteoblasts were cultured onto the four different titanium surfaces with a density of 1.3×10^4^ cells/cm^2^, and the initial adhesion of cells was assessed by counting the number of cells adhered to the titanium surfaces after 30 and 60 minutes of incubation. At each prescribed time point, the titanium substrates were rinsed gently with phosphate-buffered saline (PBS) solution to dislodge the nonadherent cells. Then, the 4% (w/v) paraformaldehyde was used to fix the cells attached to the titanium surfaces for 30 minutes. After rinsing gently with PBS, the nuclei of cells were stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI; Beyotime, Shanghai, People's Republic of China) for 5 minutes. The number of stained nuclei in ten random fields was counted under a fluorescence microscope to evaluate the cell adhesion (400× magnification, counts performed over an area of 1,020×800 μm^2^; n=3, a total of 30 fields of view for each group).

Cellular morphology onto different titanium surfaces
----------------------------------------------------

After 8 hours of incubation, the titanium specimens were cleaned with PBS. The cells grown onto the S, R, R10, and R20 titanium surfaces were fixed in 4% paraformaldehyde for 15 minutes and permeabilized with 0.1% Triton X-100 for 5 minutes at 37°C followed by two PBS rinses. Protected from light, the cellular actin cytoskeleton was then stained using the fluorescent dye rhodamine phalloidin (Thermo Fisher Scientific, Waltham, MA, USA) for 30 minutes, and the nuclei of cells were counterstained with DAPI for 1 minute. A fluorescence microscope was used to examine cellular morphology of MG63 osteoblasts seeded onto the different titanium surfaces.

Cell proliferation assay
------------------------

The MG63 cells were seeded onto the different titanium surfaces in 12-well plates with a concentration of 5×10^4^/well and cultured for 1, 3, and 5 days to assess the cell proliferation by using the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St Louis, MO, USA) assay. The MG63 cells seeded onto the different titanium surfaces in 12-well plates with a concentration of 5×10^4^/well were treated with 10 μM of cyclopamine according to previous studies.[@b29-ijn-12-3267],[@b30-ijn-12-3267] The culture medium supplemented with cyclopamine was changed every 72 hours for a total period of 7 days, and then, the MTT assay was used to detect the proliferative activity of cells. At each prescribed time point, the titanium samples were gently cleaned twice with PBS and diverted to a new 12-well plate. The MTT solution was then added to each well, and the titanium samples were incubated at 37°C for 2 hours. The formazen was dissolved with dimethyl sulfoxide and measured on the spectrophotometer at 490 nm.

Alkaline phosphatase (ALP) staining and quantitative ALP assay
--------------------------------------------------------------

The cyclopamine treatment processes were the same as those in the cell proliferation assay. The MG63 cells were seeded onto the different titanium surfaces in 12-well plates with a concentration of 5×10^4^/well for 7 days. Then, the cells were cleaned gently with PBS and fixed with 4% polyoxymethylene for 15 minutes. ALP staining was performed with a 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) Alkaline Phosphatase Color Development Kit (Beyotime). The ALP activity was assessed using a quantitative ALP assay kit (Beyotime) according to the guidelines of the manufacturer. Briefly, the MG63 cells were cleaned twice with PBS and, then, lysed with ice-cold radioimmunoprecipitation (RIPA) lysis buffer (Beyotime). The aliquots of supernatants were added with substrates and *p*-nitrophenol and incubated for 15 minutes at 37°C. The absorbance of *p*-nitrophenol formed was detected using a microplate reader at a wave length of 405 nm. The amount of intracellular total protein was detected using the BCA Protein Assay Kit (Thermo Fisher Scientific) and the ALP activity was normalized to the total protein content reported as units per milligram of protein.

RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
-----------------------------------------------------------------------------

The MG63 cells were cultured onto the different titanium surfaces in 12-well plates with a concentration of 5×10^4^/well and cultured for 3 and 7 days to detect the mRNA expression levels of *Shh*, *Smo*, *Gli1*, *BMP-2*, *ALP*, *Runx2*, and osteocalcin (*OCN*). The cell culture and cyclopamine treatment processes were the same as those in the cell proliferation assay. The total RNA was isolated from the cultured cells with TRIzol (Sangon Biotech, Shanghai, People's Republic of China) and, then, was converted into cDNA by using the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) following the manufacturer's protocol. The mRNA expression levels of these genes were calculated by quantitative real-time PCR using the SYBR Green method. The primers designed using the Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, USA) and produced by Shanghai Sangon Company (Shanghai, People's Republic of China) are listed in [Table 1](#t1-ijn-12-3267){ref-type="table"}. The PCR amplification was conducted in a 10 μL final volume containing SYBRII Green PCR master mix (5 μL; TaKaRa Bio Inc, Kusatsu, Japan), each of specific forward and reverse primers (0.2 μL), ddH~2~O (3.6 μL), and cDNA (1 μL). The quantitative real-time PCR was performed using a LightCycler 480 sequence detector system (Roche Applied Science, Laval, QC, Canada) in the following reaction conditions: 95°C/300 seconds, and 40 cycles of 95°C/5 seconds, 58°C/20 seconds, and 72°C/60 seconds. The relative expression levels for each gene of interest were normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), calculated by the 2^−∆∆Ct^ method.

Western blot analysis
---------------------

The MG63 cells were seeded onto the four different titanium surfaces in 12-well plates with a concentration of 5×10^4^/well, and cyclopamine treatment processes were the same as those in the cell proliferation assay. After 7 days of incubation, the total proteins were extracted from the cells using the RIPA lysis buffer. The concentrations of protein were detected using the BCA Protein Assay Kit. Then, the total proteins (25 μg per lane) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and, then, transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). After blocking with 5% nonfat milk at 37°C for 2 hours, the membranes were incubated overnight at 4°C with anti-Shh (rabbit monoclonal antibody, 1:500 diluted, ab53281; Abcam, Cambridge, UK), anti-Smo (rabbit polyclonal antibody, 1:800 diluted, sc-13943; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Gli1 (rabbit polyclonal antibody, 1:500 diluted, \#2534; CST, Danvers, MA, USA), and anti-β-actin antibody (1:2,000 diluted; Santa Cruz Biotechnology), followed by horseradish peroxidase-linked secondary antibodies. The immunoreactive bands were visualized by using an enhanced chemiluminescence (ECL) detection kit (Millipore). The quantification of protein was calculated by densitometry analysis using the Quantity One 4.6.6 software.

Statistical analyses
--------------------

Statistical analysis was performed using GraphPad Prism 4.0 (Graphpad Software Inc., San Diego, CA, USA) and SPSS Version 19.0 (IBM Corp., Armonk, NY, USA). All data were shown as the mean ± standard error of the mean (SEM) from at least three independent experiments and analyzed by one-way analysis of variance combined with Student--Newman--Keuls post hoc test, or Student's *t*-test. The criterion for significance was set at *P*\<0.05 for all the tests.

Results
=======

Characteristics of the titanium surface
---------------------------------------

As shown in the SEM images ([Figure 1](#f1-ijn-12-3267){ref-type="fig"}), the multilevel pores were initially shaped onto the titanium surface; 10--40 μm pits and 1--5 μm micropits were created by etching in 1% HF acid for 15 minutes. After subsequent anodization at two different voltages (10 and 20 V), two different diameters of TiO~2~ nanotubes (25 and 70 nm) were shaped onto the microstructured surface and uniformly distributed. The surfaces of the smooth titanium disks were relatively smooth and planar compared to the other groups, consistent with previous reports. The surface roughness of the titanium disks was detected using a Micro-XAM-3D noncontact surface profiler on large scanning areas of \~1.8 ×1.4 mm and 450 ×350 μm ([Figure 2](#f2-ijn-12-3267){ref-type="fig"}). The profile topography measurements exhibited significant differences in the roughness parameters Ra and Rq between the smooth titanium group and the other titanium groups (*P*\<0.001). However, no significant differences in the surface roughness were observed among the R, R10, and R20 titanium groups.

Cell adhesion
-------------

Early cell adhesion onto the different titanium substrates during the first 30 and 60 minutes of culturing is presented in [Figure 3](#f3-ijn-12-3267){ref-type="fig"}. At each prescribed time point, the number of cells attached to the microstructured (R) and TiO~2~ micro-/nanotextured titanium surfaces (R10 and R20) was significantly larger than that on the smooth titanium surface (*P*\<0.05). No significant differences in the number of adherent cells were observed between the acid-etched microstructured and the TiO~2~ micro-/nanotextured titanium surfaces (*P*\>0.05).

Cellular morphology on the different titanium surfaces
------------------------------------------------------

The cellular morphology of the different titanium surfaces after the first 8 hours of incubation is presented in [Figure 4](#f4-ijn-12-3267){ref-type="fig"}. The fluorescence microscopic images showed that the cells with spindle shapes spread on the smooth titanium surface, while the cells cultured on the other titanium surfaces (R, R10, and R20) displayed a larger and flattened morphology. The cells on the two TiO~2~ micro-/nanotextured titanium surfaces (R10 and R20) extended numerous filamentous pseudopodia or had a sheet shape and spread properly on these surfaces.

MG63 proliferation and differentiation on the different titanium surfaces
-------------------------------------------------------------------------

Proliferation and differentiation were monitored to evaluate the response of MG63 cells to the different titanium surfaces. Cell proliferation was evaluated at days 1, 3, and 5 using an MTT assay ([Figure 5A](#f5-ijn-12-3267){ref-type="fig"}). Cell proliferation increased over time in all four groups. At day 1, there was no significant difference among the four groups. However, at both days 3 and 5, the TiO~2~ micro-/nanotextured surfaces (R10 and R20) induced significantly higher proliferative activity than the other groups. A quantitative ALP assay and ALP staining performed after 7 days of incubation demonstrated that the MNTs (R10 and R20) induced a significantly higher ALP production than the smooth and acid-etched microstructured surfaces, and R20 induced the highest levels ([Figure 5B and C](#f5-ijn-12-3267){ref-type="fig"}). Quantitative real-time PCR was used to evaluate the mRNA expression levels of several osteogenesis-related genes, such as *BMP-2*, *ALP*, *Runx2*, and *OCN*. These data indicated that the TiO~2~ micro-/nanotextured titanium surfaces (R10 and R20) significantly upregulated the mRNA expression levels of *BMP-2* and *ALP* compared to the S and R titanium surfaces at days 3 and 7, and R20 induced the highest levels ([Figure 5D and E](#f5-ijn-12-3267){ref-type="fig"}). For *Runx2*, upregulation by R20 was only observed at the 7-day time point ([Figure 5F](#f5-ijn-12-3267){ref-type="fig"}). No significant difference in the expression level of *OCN* was observed among the four different titanium surfaces ([Figure 5G](#f5-ijn-12-3267){ref-type="fig"}). Taken together, these findings show that the TiO~2~ micro-/nanotextured titanium surfaces effectively promoted the proliferation and differentiation of MG63 cells, and R20 was the most effective.

The activity of the Hedgehog--Gli1 signaling pathway
----------------------------------------------------

The gene expression levels in the Hedgehog--Gli1 signaling pathway on the titanium surfaces were quantified using the quantitative real-time PCR ([Figure 6](#f6-ijn-12-3267){ref-type="fig"}). In general, the mRNA expression levels of *Shh* ([Figure 6A](#f6-ijn-12-3267){ref-type="fig"}), *Smo* ([Figure 6B](#f6-ijn-12-3267){ref-type="fig"}), and *Gli1* ([Figure 6C](#f6-ijn-12-3267){ref-type="fig"}) in MG63 cells on the S titanium surface were similar to those on the R titanium surface after 3 and 7 days of culturing. However, cells seeded onto the TiO~2~ micro-/nanotextured titanium surfaces (R10 and R20) exhibited significantly increased mRNA expression levels of *Shh*, *Smo*, and *Gli1* at the two time points, and R20 induced the highest levels. The levels of related proteins in the Hedgehog--Gli1 signaling pathway were detected by Western blotting after 7 days of culturing. The R surface displayed the lowest level of Shh protein, whereas the R20 surface induced the highest, followed by the S surface ([Figure 6D](#f6-ijn-12-3267){ref-type="fig"}). Furthermore, the product of Smo, a key protein in the transmission of Hedgehog signaling across the plasma membrane, was significantly enhanced by the TiO~2~ micro-/nanotextured titanium surfaces, especially R20 ([Figure 6E](#f6-ijn-12-3267){ref-type="fig"}). Similarly, the R20 surface induced the highest level of Gli1 protein, followed by R10, whereas the R surface displayed a similar level of Gli1 to that of the smooth surface ([Figure 6F](#f6-ijn-12-3267){ref-type="fig"}). In general, the activity of the Hedgehog--Gli1 signaling pathway was sensitive to surface properties. The TiO~2~ micro-/nanotextured titanium surfaces activated the Hedgehog--Gli1 signaling pathway by stimulating the gene expression and protein production of Shh, Smo, and Gli1, and R20 had the greatest effect.

Role of Hedgehog--Gli1 signaling in MG63 proliferation and differentiation
--------------------------------------------------------------------------

We further suppressed Hedgehog--Gli1 signaling using the Smo inhibitor cyclopamine to determine its role in the promoting effects of MNTs on MG63 proliferation and differentiation. As presented in [Figure 7](#f7-ijn-12-3267){ref-type="fig"}, our results showed that cyclopamine significantly suppressed the mRNA and protein levels of Smo as well as Gli1 nuclear accumulation after 7 days of incubation. Treatment with cyclopamine decreased the proliferative activity of MG63 cells, especially the cells seeded onto MNTs ([Figure 8A](#f8-ijn-12-3267){ref-type="fig"}). Treatment with cyclopamine markedly reduced the ALP production of cells seeded onto MNTs but slightly decreased the ALP production of cells seeded onto the S and R surfaces ([Figure 8B](#f8-ijn-12-3267){ref-type="fig"}). Furthermore, significantly decreased expression levels of *BMP-2* and *ALP* were observed in MG63 cells seeded onto the MNTs after treatment with cyclopamine, while the *BMP-2* and *ALP* expressions in cells on the S and R surfaces were not significantly affected by cyclopamine ([Figure 8C and D](#f8-ijn-12-3267){ref-type="fig"}). For the gene *Runx2*, significantly decreased expression levels were only observed on the R20 titanium surface but not on the R10 titanium surface ([Figure 8E](#f8-ijn-12-3267){ref-type="fig"}). Treatment with cyclopamine dramatically decreased the expression of *BMP-2*, *ALP*, and *Runx2* on MNTs to a similar level as those on the smooth and acid-etched microstructured surfaces in the absence of cyclopamine. However, no significant differences in the *OCN* expression levels were observed between the cyclopamine-treated and untreated cells seeded onto the four different titanium surfaces ([Figure 5F](#f5-ijn-12-3267){ref-type="fig"}). In summary, Hedgehog--Gli1 signaling mediates the enhanced differentiation and differentiation of MG63 osteoblasts enabled by MNTs.

Discussion
==========

Accumulating evidence has demonstrated that hierarchical MNTs on the surface of biomedical implants contribute to various cellular functions, such as osteoblast attachment, proliferation, and differentiation, as they can better imitate the hierarchical structures of natural bone tissues.[@b3-ijn-12-3267]--[@b5-ijn-12-3267] However, the association between the hierarchical MNTs and their effects on regulating the functions of cells requires further exploration. Recent studies have shown that the activity of the Hedgehog signaling was sensitive to the surface properties of biomedical implants; the surface micro-/nanotexture on biomaterials induced a significant upregulation of Hedgehog--Gli1 signaling.[@b18-ijn-12-3267]--[@b20-ijn-12-3267],[@b23-ijn-12-3267]--[@b25-ijn-12-3267] Given the evidence implicating significant roles of the Hedgehog signaling in osteoblast proliferation and differentiation and bone formation, we investigated the role of Hedgehog signaling in the MG63 osteoblast proliferation and differentiation caused by MNTs. Our results indicated that the enhanced proliferation and differentiation of MG63 osteoblasts by MNTs are associated with the increased gene expression and protein production of Shh, Smo, and Gli1 as well as the activation of Hedgehog signaling, suggesting that the biological effects of MNTs may be mediated by the Hedgehog signaling pathway.

Though biomaterial surfaces with rougher microtopography contribute to an enhanced early cell adhesion, osteoblast differentiation, and bone formation compared to a smooth surface,[@b31-ijn-12-3267],[@b32-ijn-12-3267] the early osseointegration of the implants and cell behaviors, including extracellular matrix deposition and mineralization, proliferation, and intracellular total protein synthesis, is relatively depressed on the microscale surface topographies.[@b33-ijn-12-3267]--[@b35-ijn-12-3267] Several lines of evidence have demonstrated that the addition of nanotextured topography to the microstructured surface can effectively maintain and enhance the osteoblast attachment, proliferation, and differentiation and extracellular matrix deposition, as it can better imitate the hierarchical structure of bone tissues.[@b3-ijn-12-3267]--[@b5-ijn-12-3267],[@b36-ijn-12-3267],[@b37-ijn-12-3267] Consistent with these previous studies, our results showed that the MG63 cells seeded onto MNTs exhibited a significantly enhanced cell adhesion, proliferation, and differentiation compared to smooth and microstructured surfaces. Immunofluorescent images of MG63 cells on the MNTs showed the formation of numerous filopodia, lamellipodia, and cellular extensions compared to those of cells grown on the smooth control surface. The R20 surface induced the highest proliferative activity, ALP production, and expression levels of osteogenesis-related genes, such as *BMP-2*, *ALP* and *Runx2*, followed by the R10 surface. However, no significant differences in the *OCN* gene expression were observed among the four different titanium surfaces. We speculate that this negative result may be due to the limited time of culture in our study, as *OCN* is only expressed by mature osteoblasts and serves as an advanced marker of osteogenic differentiation. These results demonstrate that the MNTs may be more biologically friendly, providing a more balanced promotion of multiple osteoblast functions.

Increasing evidence has demonstrated the pivotal roles of Hedgehog signaling in osteogenesis.[@b6-ijn-12-3267]--[@b8-ijn-12-3267],[@b12-ijn-12-3267]--[@b14-ijn-12-3267] In this regard, recent studies of biological materials have focused on the potential role of the Hedgehog pathway in mediating the response of osteoblasts to biomaterial topographies. Concerning titanium implants, several studies have shown that Hedgehog--Gli1 signaling is sensitive to the different topographical surfaces of titanium.[@b18-ijn-12-3267],[@b19-ijn-12-3267] Other studies have indicated that MNTs induce an obvious activation of several functional osteogenesis-related signaling pathways, including Hedgehog signaling, resulting in an enhanced osteoblast differentiation, maturation, and bone formation.[@b23-ijn-12-3267]--[@b25-ijn-12-3267],[@b38-ijn-12-3267] Consequently, we conducted this study to systematically estimate the Hedgehog--Gli1 signaling response to different titanium topographies. Our data showed that the MNTs induced higher gene and protein expression of Shh, Smo, and Gli1 and the activation of Hedgehog signaling compared to smooth and microstructured surfaces. We speculated that the formation of numerous lamellipodia, filopodia, and cellular extensions induced by MNTs may enhance the transmembrane transmission of Hedgehog--Gli1 signaling or provide cells with an extracellular stimulus that can pass through the cytoskeletal components to the nucleoskeleton,[@b39-ijn-12-3267],[@b40-ijn-12-3267] which ultimately results in alterations in the gene expression of Hedgehog--Gli1 signaling. Further studies are required to confirm these results and investigate the specific underlying mechanisms.

The surface topographies of biomedical implants not only influence cellular functions directly via the biomaterial/cell interaction but also affect cellular behavior indirectly by modulating mechanisms involving various functional osteogenesis-related signaling pathways.[@b35-ijn-12-3267],[@b41-ijn-12-3267],[@b42-ijn-12-3267] Our initial results indicated that MNTs upregulated the activity of the Hedgehog--Gli1 pathway through an extracellular stimulus in the microenvironment around the cell, which may ultimately result in changes to downstream events and cell functions. Several studies have demonstrated the crucial roles of the Hedgehog--Gli1 pathway in various development processes, such as osteoblast proliferation and differentiation, which are essential for bone formation.[@b6-ijn-12-3267],[@b43-ijn-12-3267]--[@b45-ijn-12-3267] Oliveira et al[@b46-ijn-12-3267] discovered that the activation of the Hedgehog pathway triggered by purmorphamine in mesenchymal stem cells, as indicated by Gli1 upregulation, increased the expression of various genes (eg, *Runx2* and *BMPs*) that are involved in osteoblast differentiation. Other genetic and cell biological studies have demonstrated that the activation of the Hedgehog pathway stimulated ALP activity and the expression of *OCN* and *Runx2*.[@b47-ijn-12-3267]--[@b49-ijn-12-3267] For verification, we further suppressed Hedgehog--Gli1 signaling using the Smo inhibitor cyclopamine and, then, monitored the proliferative activity, ALP production, and osteogenesis-related gene expression to determine the role of the Hedgehog--Gli1 pathway in promoting the effects of MNTs on MG63 proliferation and differentiation. Our results showed that cyclopamine significantly suppressed the gene and protein expression of Smo and Gli1 nuclear accumulation, which was consistent with previous studies.[@b50-ijn-12-3267],[@b51-ijn-12-3267] Treatment with cyclopamine decreased the proliferative activity of MG63 cells, especially the cells seeded onto MNTs. Furthermore, the enhanced expressions of the osteogenesis-related genes (*BMP-2*, *ALP*, and *Runx2*) and ALP production enabled by the MNTs were significantly downregulated by the presence of cyclopamine to a similar level as those on the smooth and acid-etched microstructured surfaces in the absence of cyclopamine. However, no significant differences in the *OCN* expression levels were observed between the cyclopamine-treated and untreated cells seeded onto the four different titanium surfaces. These data confirm our hypothesis that Hedgehog--Gli1 signaling mediates the enhanced proliferation and differentiation of MG63 osteoblasts enabled by MNTs.

Conclusion
==========

Using a hierarchical MNT model produced by common acid etching followed by anodization with TiO~2~ nanotubes, the present study investigated the potential role of the Hedgehog--Gli1 signaling pathway in the response of MG63 osteoblasts to MNTs. Our results showed that the MNTs resulted in better osseointegration in vitro; this enhanced effect of MNTs on osteoblast proliferation and differentiation may be mediated by Hedgehog--Gli1 signaling. Our results greatly advance our understanding of the mechanism involved in the biological responsiveness of biomaterial topographies, which may provide insight for the optimization of hierarchical biomaterial topographies targeting Hedgehog--Gli1 signaling.
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![Representative FE-SEM pictures of the smooth (S), acid-etched microstructured (R), and hierarchical micro-/nanotextured surfaces (R10 and R20).\
**Notes:** The nanotubes were found to have 25 and 70 nm outer diameters. Nanotubes of different sizes were formed on the microstructured surface and were distributed relatively uniformly.\
**Abbreviation:** FE-SEM, field emission scanning electron microscopy.](ijn-12-3267Fig1){#f1-ijn-12-3267}

![Micro-XAM-3D noncontact profiler surface roughness analysis of the titanium disks.\
**Notes:** (**A**) Representative Micro-XAM-3D noncontact profiler pictures of the smooth (S), acid-etched microstructured (R), and hierarchical micro-/nanotextured surfaces (R10 and R20) on large scanning areas of 1.8 mm ×1.4 mm and 450 μm ×350 μm, respectively. (**B**) Comparisons of the roughness parameter (Ra and Rq) of different titanium surfaces. \*\*\**P*\<0.001.\
**Abbreviations:** Ra, average roughness; Rq, root mean square roughness.](ijn-12-3267Fig2){#f2-ijn-12-3267}

![The initial adhesion of MG63 osteoblasts evaluated by counting the number of cell nuclei stained by DAPI under a fluorescence microscope after 30 and 60 minutes of incubation.\
**Notes:** (**A**) The fluorescence microscope images of stained cells. (**B**) Mean ± SEM cell numbers were calculated (400× magnification, counts performed over an area of 1,020×800 μm^2^; n=3, a total of 30 fields of view for each group of the smooth \[S\], acid-etched microstructured \[R\], and hierarchical micro-/nanotextured surfaces \[R10 and R20\]). \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; SEM, standard error of the mean.](ijn-12-3267Fig3){#f3-ijn-12-3267}

![Representative fluorescence microscope images of cells stained with rhodamine phalloidin for actin filaments (red) and DAPI for cell nucleus (blue) after 8 hours of incubation onto the smooth (S), acid-etched microstructured (R), and hierarchical micro-/nanotextured surfaces (R10 and R20).\
**Notes:** The cells with spindle shape spread on the smooth surface, while the cells on the other surfaces showed a rather larger and flattened morphology. The cells on the TiO~2~ micro-/nanotextured titanium surfaces (R10 and R20) extended numerous pseudopodia of filament or sheet shape and spread properly on these surfaces.\
**Abbreviation:** DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride.](ijn-12-3267Fig4){#f4-ijn-12-3267}

###### 

The proliferation and differentiation of MG63 osteoblasts on the smooth (S), acid-etched microstructured (R), and hierarchical micro-/nanotextured surfaces (R10 and R20).

**Notes:** (**A**) The proliferation of MG63 cells seeded onto the titanium surfaces was measured by the MTT assay. (**B**) A quantitative ALP activity standardized relative to the intracellular total protein content after 7 days of incubation is presented. (**C**) ALP activity evaluated by the ALP staining after 7 days of incubation is also presented. The expression of *BMP-2* (**D**), *ALP* (**E**), *Runx2* (**F**), and *OCN* (**G**) in MG63 osteoblasts after 3 and 7 days of incubation was detected by quantitative real-time PCR. \**P*\<0.05; \*\**P*\<0.01.

**Abbreviations:** *ALP*, alkaline phosphatase; *BMP-2*, bone morphogenetic protein-2; *MTT*, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide; *OCN*, osteocalcin; PCR, polymerase chain reaction; *Runx2*, runt-related transcription factor 2.
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![The activity of Hedgehog--Gli1 signaling pathway on the smooth (S), acid-etched microstructured (R), and hierarchical micro-/nanotextured surfaces (R10 and R20).\
**Notes:** Quantitative real-time PCR analysis of *Shh* (**A**), *Smo* (**B**), and *Gli1* (**C**) gene expressions in MG63 osteoblasts after 3 and 7 days of incubation; Western blot analysis of Shh (**D**), Smo (**E**), and Gli1 (**F**) protein levels in MG63 osteoblasts after 7 days of incubation. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** PCR, polymerase chain reaction; *Shh*, Sonic hedgehog; *Smo*, Smoothened.](ijn-12-3267Fig6){#f6-ijn-12-3267}

![The Smo inhibitor cyclopamine suppressed the activity of Hedgehog--Gli1 signaling.\
**Notes:** (**A** and **B**) The gene expression and protein production of Smo in MG63 osteoblasts after 7 days of incubation on the different titanium surfaces. (**C** and **D**) The gene expression and protein production of Gli1 in MG63 osteoblasts after 7 days of incubation on the different titanium surfaces. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviation:** Smo, Smoothened.](ijn-12-3267Fig7){#f7-ijn-12-3267}

![The effect of cyclopamine on the proliferation and differentiation of MG63 osteoblasts on the smooth (S), acid-etched microstructured (R), and hierarchical micro-/nanotextured surfaces (R10 and R20).\
**Notes:** (**A**) The proliferation of cyclopamine-treated and untreated cells seeded onto the titanium surfaces as measured by the MTT assay after 7 days of incubation. (**B**) A quantitative ALP activity standardized relative to the intracellular total protein content after 7 days of incubation is presented. Quantitative real-time PCR analysis of *BMP-2* (**C**), *ALP* (**D**), *Runx2* (**E**), and *OCN* (**F**) expressions in the cyclopamine-treated and untreated cells after 7 days of incubation on the different titanium surfaces. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** *ALP*, alkaline phosphatase; *BMP-2*, bone morphogenetic protein-2; *MTT*, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide; *OCN*, osteocalcin; PCR, polymerase chain reaction; *Runx2*, runt-related transcription factor 2.](ijn-12-3267Fig8){#f8-ijn-12-3267}

###### 

Primer sequences used for quantitative real-time PCR analysis of gene expression

  Gene      Forward primer sequence (5′--3′)   Reverse primer sequence (5′--3′)
  --------- ---------------------------------- ----------------------------------
  *Shh*     TGAAAGCAGGCAAGGAAAGGA              ACAAACTCTTGGCTCCGTCAA
  *Smo*     ACCTATGCCTGGCACACTTC               TTGCCACAGTGAGGACAAAG
  *Gli1*    GGCTGCACCAAACGCTATAC               TTTGGTCACATGGGCGTCAG
  *BMP-2*   GGACGCTCTTTCAATGGACG               GCAGCAACGCTAGAAGACAG
  *ALP*     CCTTGTAGCCAGGCCCATTG               GGACCATTCCCACGTCTTCAC
  *OCN*     TCCTTTGGGGTTTGGCCTAC               CCAGCCTCCAGCACTGTTTA
  *Runx2*   CACTGGCGCTGCAACAAGA                CATTCCGGAGCTCAGCAGAATAA

**Abbreviations:** *ALP*, alkaline phosphatase; *BMP-2*, bone morphogenetic protein-2; *OCN*, osteocalcin; PCR, polymerase chain reaction; *Runx2*, runt-related transcription factor 2; *Shh*, Sonic hedgehog; *Smo*, Smoothened.
